Background: San1 is a ubiquitin-protein ligase that recognizes exposed hydrophobicity in misfolded nuclear proteins. Results: San1 prefers a window of exposed hydrophobicity that causes a particular level of protein insolubility.
The continuous stochastic production of misfolded proteins is a problem faced by all cells. Proteins that have lost their native structures expose hydrophobicity that is normally buried within the core of their structures. The exposed hydrophobicity can lead to protein insolubility and the formation of intracellular aggregates (1) . Aggregate formation and the long term cellular persistence of aggregates are thought to be the underlying causes of many devastating human pathologies including Alzheimer, Parkinson, Huntington, and amyotrophic lateral sclerosis (2) .
Due to the deleterious nature of misfolded proteins, cells have evolved several mechanisms to prevent their accumulation. One central means is the elimination of misfolded proteins via protein quality control (PQC) 2 degradation. Eukaryotic PQC degradation is generally mediated by ubiquitin-protein ligases that ubiquitinate misfolded proteins for subsequent proteasome degradation (3) . PQC ubiquitin-protein ligases have been identified in most cellular compartments including the endoplasmic reticulum (4 -9), cytoplasm (10 -13) , and nucleus (14 -18) . Multiple PQC ligases often exist in the same compartment. For example, Hrd1 and Doa10 operate in the yeast endoplasmic reticulum (4, 6, 9, 19, 20) , whereas San1 and Doa10 act in the yeast nucleus (15, 21) . Although a cellular compartment can contain multiple PQC ubiquitin-protein ligases, they generally do not target the same substrates (20, (22) (23) (24) (25) (26) , indicating that the compartment-specific PQC ligases are, for the most part, not functionally redundant.
The lack of functional redundancy suggests that each PQC ubiquitin-protein ligase might recognize a unique feature of misfolding in its substrates. This likely depends upon the specific cellular compartment and the spatial organization of the PQC ligases within that compartment. With this consideration in mind, it remains an open question as to which feature(s) of misfolding an individual PQC ubiquitin-protein ligase targets. If each PQC ligase recognizes exposed hydrophobicity, are the extent of exposed hydrophobicity, the types of hydrophobic residues, and/or the context in which the hydrophobicity is presented different for each PQC ligase? To answer these questions, we require detailed information as to what each individual PQC ubiquitin-protein ligase recognizes in its misfolded substrates.
We have been probing this by exploring the features of misfolding recognized by the yeast nuclear PQC ubiquitin-protein ligase San1. Recently, we found that San1 targets exposed hydrophobicity in its substrates, with a minimal window of 5 exposed hydrophobic residues necessary for substrate recognition by San1 (27) . Here, we find that San1 prefers particular types of hydrophobic residues within that window, and this preference can be explained by the strength of the residues' ability to cause insolubility and aggregation.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids-Yeast strains used in this study are BY4741 (met15⌬0 his3⌬1 ura3⌬0 leu2⌬0) (28) , RGY506 (BY4741 san1⌬), RGY565 (BY4741 pdr5⌬), RGY1794 (BY4741 san1⌬ pdr5⌬), and RGY1273 (his3⌬1 ura3⌬0 leu2⌬0 lys 2⌬0 DBP5-dsRED::HIS3 san1⌬::HygMX) (27) . Standard yeast growth media and yeast genetic methods were employed (29) . Plasmids used in this study are listed in Table 1 . Standard cloning methods were used to construct each plasmid. The relevant portion of each plasmid was sequenced to verify the fusions. Oligonucleotide sequences and cloning details will be provided upon request.
Degradation Assays-Cycloheximide-chase assays were performed as described previously (15) . Briefly, cells were grown at 30°C in liquid synthetic media with 3% raffinose to a culture density of ϳ1 ϫ 10 7 cells/ml. Galactose was added (final concentration of 3%), and the cells were incubated for 2 h at 30°C. Cycloheximide was added (final concentration of 50 g/ml), and the cultures were further incubated for 0 -3 h. In certain cases, MG132 (final concentration of 10 g/ml) was added 1 h prior to cycloheximide addition. 2 ml of cells was harvested and lysed at the appropriate time points after cycloheximide addition in 200 l SUMEB (8 M urea, 1% SDS, 10 mM MOPS, pH 6.8, 10 mM EDTA, 0.01% bromphenol blue) by vortexing 5 min with 100 l of 0.5 mm acid-washed glass beads. Lysates were incubated at 65°C for 10 min and then clarified for 5 min by centrifugation at 12,800 ϫ g. Proteins were resolved on SDSpolyacrylamide gels, transferred to nitrocellulose, and immunoblotted with anti-GFP (Sigma) antibodies.
Solubility Assays-Solubility assays were adapted from a protocol described previously (30) . Cells were grown in liquid synthetic medium with 3% raffinose to a culture density of ϳ1 ϫ 10 7 cells/ml. Galactose was added (final concentration of 3%), and cultures were incubated at 30°C for 2 h. 4 ml of cells was harvested and lysed in 200 l of lysis buffer (100 mM Tris, pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol, and 0.1% Nonidet P-40) ϩ PMSF by vortexing 5 min at 4°C with 100 l of 0.5-mm acid-washed glass beads. To remove unlysed cells, lysates were centrifuged at 700 ϫ g for 1 min at 4°C. 50 l of lysate, representing the "total lysate," was removed and added to 50 l of SUMEB. Remaining lysate was centrifuged at 12,800 ϫ g for 15 min at 4°C. 100 l of supernatant, representing the "soluble fraction," was added to 100 l of SUMEB. The pellet, representing the "insoluble fraction," was resuspended in 100 l of lysis buffer plus 100 l of SUMEB. All samples were incubated at 65°C for 10 min and then clarified for 5 min by centrifugation at 12,800 ϫ g. Proteins were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose, and immunoblotted with anti-GFP antibodies.
Nondenaturing Polyacrylamide Gel Electrophoresis (PAGE)-The soluble fractions generated from the solubility assays, with or without SDS (final concentration of 2%) added to the loading buffer, were loaded onto 8 -16% Tris-glycine polyacrylamide gels (Lonza Rockland Inc). Running buffer was 25 mM Tris and 192 mM glycine. Gels were run at 4°C. Proteins were transferred to nitrocellulose and immunoblotted with anti-GFP antibodies.
Microscopy-Cells (san1⌬ DBP5-dsRed) that expressed each GFP NLS -peptide fusion protein were grown at 30°C in 3% raffinose medium to ϳ 0.5 ϫ 10 7 cells/ml. Galactose was added (final concentration of 3%), and the cells were incubated for 8 h at 30°C. Cells were harvested, fixed in 4% paraformaldehyde in 0.1 M sucrose for 15 min, washed in wash buffer (1.2 M sorbitol, 0.4 M KPO 4 ), stained with DAPI for 10 min in wash buffer plus 2% Triton X-100, and washed two times in wash buffer. Cells were imaged on a Nikon Eclipse 90i microscope with a 100ϫ objective, filters for GFP (excitation wavelength (450 -490 nm), dichroic mirror (495 nm), and emission filter (500 -550 nm)), DAPI-stained DNA (excitation wavelength (325-375 nm), dichroic mirror (400 nm), and emission filter (435-485 nm)), and dsRed (excitation wavelength (540 -580 nm), dichroic mirror (585 nm), and emission filter (593-668 nm)), and a Photometrics Cool Snap HQ2 cooled CCD camera with NIS-Elements acquisition software.
Image Processing-Western blots were scanned using an Epson Perfection V350 Photo scanner at 300 dpi. All images were processed with a Mac iMac or Pro computer (Apple) using Photoshop CS (Adobe). Decay curves for degradation assays and quantification for solubility assays were determined using ImageJ.
RESULTS

San1
Recognition of Hydrophobicity Correlates with Substrate Insolubility-Previously, we found that San1 recognizes short hydrophobic peptides as degrons when fused to reporter proteins such as GFP possessing a nuclear localization sequence (GFP NLS ) or the Gal4 activating domain used in two- hybrid analyses (27, 31) . Although the peptide degrons are not misfolded proteins by themselves, they likely allow San1 recognition of the reporter proteins by mimicking the feature San1 recognizes in a misfolded protein, exposed hydrophobicity. As such, we can use these small peptides in a controlled way to determine the biochemical parameters of the exposed hydrophobicity that leads to San1 targeting. In our previous study exploring the minimal number of contiguous hydrophobic residues in the peptide degrons necessary for San1-mediated degradation, we found Ն5 contiguous hydrophobic residues were required in the peptide for recognition by San1 and Յ4 contiguous hydrophobic residues were insufficient (Ref. 27 and Fig.  1A ). Intrigued by this sharp delineation, we wanted to understand the biochemical nature of this limit. Because insolubility and aggregate formation are detrimental results of protein misfolding, we examined the in vivo solubility of GFP NLS -peptide fusions containing 3, 4, 5, 6, or 7 contiguous hydrophobic residues. We found that the threshold for San1-mediated degradation, Ն5 contiguous hydrophobic residues, correlated with the GFP NLS -peptide fusions becoming highly insoluble (Fig. 1B) . The GFP NLS -peptide fusions containing Յ4 contiguous hydrophobic residues were largely soluble (Fig. 1B) .
The GFP NLS -peptide fusion proteins present in the insoluble fraction are likely part of large inclusions because this fraction represents the cellular debris that pellets at 12,800 ϫ g. Therefore, we also examined whether the GFP NLS -peptide fusions in the soluble fraction formed high molecular mass species typical of aggregates using nondenaturing PAGE (32, 33) . Similar to the solubility assays, we found that the GFP NLS -peptide fusions with Ն5 contiguous hydrophobic residues formed mostly higher molecular mass species compared with the GFP NLSpeptide fusions with Յ4 contiguous hydrophobic residues that ran primarily as monomers (Fig. 1C, left) . These higher molecular mass species were sensitive to the addition of SDS to the loading buffer (Fig. 1C, right) , indicating that they are likely not SDS-insensitive amyloids (34) .
Finally, we examined whether the GFP NLS -peptide fusions formed visible cellular inclusions in vivo. Using fluorescence microscopy, we found that the GFP NLS -peptide fusions with Ն5 contiguous hydrophobic residues were predominantly nuclear localized and formed a single visible inclusion in the nucleus (Fig. 1D ), indicating that they do aggregate in vivo. By contrast, the GFP NLS -peptide fusions with Յ4 contiguous hydrophobic residues showed more uniform localization throughout the cell, although there was some enrichment in the nucleus (Fig. 1D) . Furthermore, there was no inclusion formation in cells expressing the Յ4 contiguous hydrophobic residue GFP NLS -peptide fusions (Fig. 1D) , which is consistent with their solubility and lack of aggregate formation ( Fig. 1 , B and C). The difference in overall cellular localization between the GFP NLS -peptide fusions with Ն5 contiguous hydrophobic residues, which primarily localize to the nucleus, and the GFP NLS -peptide fusions with Յ4 contiguous hydrophobic residues, which localize throughout the cytoplasm and nucleus, is likely due to the aggregated versus monomeric state of the GFP NLS -peptide fusion in relation to the passive diffusion limit of the yeast nuclear pore. The GFP NLS -peptide fusions are ϳ30 kDa in size and thus have a monomeric molecular mass below the passive Ͻ40-kDa diffusion limit of the yeast nuclear pore (35, 36) . Although the GFP NLS -peptide fusions with Ն5 contiguous residues share the same monomeric molecular mass as those with Յ4 contiguous residues, the formation of an aggregate with Ն2 molecules in the nucleus would render an aggregate above the size of the nuclear pore passive diffusion limit. Thus, all of the GFP NLS -peptide fusions can be trafficked into the nucleus via classic NLS-dependent import, but the GFP NLS -peptide fusions with Ն5 contiguous hydrophobic residues cannot passively diffuse back into the cytoplasm as can the GFP NLS -peptide fusions with Յ4 contiguous hydrophobic residues.
Altogether from the combined solubility, nondenaturing PAGE, and microscopy results, it appears that San1 recognizes exposed hydrophobicity that crosses a particular threshold of insolubility. This threshold coincides with aggregation and inclusion formation in the nucleus. This intriguing result prompted further experiments to dissect the parameters of the hydrophobicity nature of a San1 substrate.
Unexpected Selectivity of San1 for the Types of Hydrophobic Residues Recognized in a 5-Residue Window-Hydrophobicity
is a general term that encompasses multiple amino acids. Algorithms have been developed that score amino acid residues either on their hydrophobicity, such as the well known KyteDoolittle hydropathy algorithm (37), or their propensity to occur in protein regions prone to aggregation, such as the AGGRESCAN algorithm (38) . In Fig. 2 , A and B, we have ranked the different hydrophobicity and aggregation propensity scores for each amino acid residue according to KyteDoolittle hydropathy or AGGRESCAN measures.
Because 5 contiguous hydrophobic residues are the minimal feature recognized by San1 (Fig. 1) , we wanted to examine the ability of homopentameric amino acid stretches to function as San1 degrons. Our initial prediction was that homopentameric stretches of the most hydrophobic residues (Ile, Val, Leu, and Phe) would allow San1-mediated degradation, and there might be variability with homopentameric stretches of lesser hydrophobic residues (Tyr, Trp, Met, and Ala). In actuality, the results differed unexpectedly from our predictions. When we examined the degradation of each hompentameric GFP NLSpeptide fusion, we found three distinct groups. The first group consisted of 5Phe and 5Ile stretches, which were degraded primarily in a San1-dependent manner as we predicted (Fig. 2C) . The second group was composed of 5Leu, 5Val, and 5Ala stretches, which were degraded, but in a primarily San1-independent manner (Fig. 2D) . This was surprising as we had anticipated that the 5Leu and 5Val stretches, which are highly hydrophobic by both scoring measures (Fig. 2, A and B) , would cause San1-mediated degradation similar to the 5Ile and 5Phe stretches. The final group encompassed 5Tyr, 5Met, and 5Trp stretches, which were stable (Fig. 2E) .
The correlation between San1-mediated degradation and the insolubility of the original GFP NLS -peptide fusions (Fig. 1B ) prompted us to examine the insolubility of each homopentameric GFP NLS -peptide fusion. As expected from their San1-mediated degradation, the 5Ile and 5Phe GFP NLS -peptide fusions showed the highest levels of insolubility (Fig. 2C) . Also as expected from their complete stability, the 5Tyr, 5Met, and 5Trp GFP NLS -peptide fusions were primarily soluble (Fig. 2E) .
Interestingly, the 5Leu, 5Val, and 5Ala GFP NLS -peptide fusions showed a range of solubilities from complete or near complete solubility (5Ala and 5Val) to insolubility close to that observed with 5Ile (5Leu) (Fig. 2D) .
Given the variability in the insolubility of the homopentameric GFP NLS -peptide fusions, we further characterized the fusions using fluorescence microscopy because this parameter separated San1 substrates from nonsubstrates by the propensity for in vivo inclusion formation. As expected from their San1-dependent degradation and large degree of insolubility, the 5Ile and 5Phe GFP NLS -peptide fusions were predominantly nuclear and formed a single nuclear inclusion (Fig. 3) . In contrast, every other homopentameric GFP NLS -peptide fusion localized throughout the nucleus and cytoplasm and did not form inclusions (Fig. 3) . Overall, these results again demonstrated that San1-dependent degradation generally correlates with the degree of insolubility and formation of inclusions in vivo. However, the results were surprising if the conventional hydrophobicity score of a residue was the sole initial consideration.
Degradation of the GFP NLS -5Val Peptide Does Not Occur via Ubr1 or Doa10-The San1-independent degradation of the 5Leu, 5Val, and 5Ala GFP NLS -peptide fusions indicated that there is another degradation pathway that likely recognizes a FIGURE 1. San1-mediated degradation correlates with substrate insolubility. A, cycloheximide-chase degradation assays were performed to assess the stability of GFP NLS -peptide fusions containing 3-7 contiguous hydrophobic residues in the peptide degron. Stability was examined in cells with (SAN1) or without (san1⌬) the SAN1 gene intact. The time after cycloheximide addition is indicated above the blots. GFP NLS -peptide fusions in all Western blots were detected using anti-GFP antibodies. Decay curves for degradation assays were determined using ImageJ. B, solubility assays were performed to determine how the indicated GFP NLS -peptide fusion partitions between the insoluble pellet fraction (I) and the soluble supernatant fraction (S) from SAN1 cells. Total lysate (T) indicates the total amount of GFP NLS -peptide fusion in cell lysates. Note that all samples from the solubility assays were run on the same SDS-polyacrylamide gel so that direct comparisons could be made. Percentage of protein in the insoluble versus soluble fractions is listed below each appropriate lane. Relative levels of the insoluble and soluble fractions were determined using ImageJ. C, nondenaturing PAGE shows GFP NLS -peptide fusions containing 3-7 contiguous hydrophobic residues in the peptide degron. Soluble fractions were isolated as in B and run on a nondenaturing 8 -16% Tris-glycine gel without or with SDS in the loading buffer. D, microscopy shows san1⌬ cells expressing GFP NLS -peptide fusions containing 3-7 contiguous hydrophobic residues in the peptide degron.
lower threshold of insolubility than San1. Because the 5Val GFP NLS -peptide fusion was degraded the most rapidly, we used it to explore some of the features of the San1-independent pathway(s). First, we examined whether the San1-independent degradation of the 5Val GFP NLS -peptide fusion required the proteasome. Addition of the proteasome inhibitor MG132 significantly stabilized the 5Val GFP NLS -peptide fusion (Fig.  4A) , indicating that the bulk of its degradation was through the proteasome.
It was shown previously that some San1 substrates are also targeted by the ubiquitin-protein ligase Ubr1 (10, 39) . In addition, the ubiquitin-protein ligase Doa10 is localized to the nuclear membrane in part and functions in the degradation of nuclear proteins (21, 40 ). Therefore, we tested whether either of these ubiquitin-protein ligases were involved in the proteasome degradation of the 5Val GFP NLS -peptide fusion. Double deletion of both UBR1 and DOA10 had a very slight stabilizing effect on the degradation of the 5Val GFP NLS -peptide fusion (Fig. 4B) , indicating that they are not the major degradative pathways. Deletion of SAN1 in ubr1⌬doa10⌬ cells had an additional modest stabilizing effect (Fig. 4B) , revealing that San1 does recognize the 5Val GFP NLS -peptide fusion to a minor degree. Because the major known cytoplasmic and nuclear PQC degradation pathways do not appreciably target the 5Val GFP NLS -peptide fusion, it appears that another, as-yet-unknown, proteasome-dependent PQC degradation pathway exists and operates at a lower insolubility threshold than San1.
Substitution of a Single Ile Residue in the 5Val GFP NLS -Peptide Fusion Causes San1-dependent Degradation in a Positiondependent Manner-Because the 5Val GFP
NLS -peptide fusion was very modestly stabilized after deletion of SAN1 in ubr1⌬doa10⌬ cells, we reasoned that, if we increased the hydrophobicity of the 5Val stretch, then we might be able to shift the degradation of the GFP NLS -peptide fusion toward increased San1 dependence. To do this, we replaced one Val within the homopentameric stretch with an Ile to create VVVIV, VVIVV, and VIVVV stretches fused to GFP NLS . As we anticipated, the VVVIV stretch resulted in the GFP NLS -peptide fusion being subject to primarily San1-dependent degradation (Fig. 5, A and C) . Surprisingly, however, the closer the Ile substitution was to the hydrophilic portion of the peptide fusion, the less effect it had on converting the degradation of the GFP NLS -peptide fusion to San1 dependence (Fig. 5, A and C) . The San1 dependence of degradation did correlate with the insolubility of the GFP NLS -peptide fusions containing the single Ile (Fig. 5B) , indicating the rules of hydrophobicity/insolubility FIGURE 2. Homopentameric stretches of hydrophobic residues confer different San1 dependences. A and B, Kyte-Doolittle hydrophobicity and AGGR-ESCAN aggregation propensity scores for the indicated amino acid. C-E, cycloheximide-chase degradation assays were performed to assess the stability of GFP NLS -peptide fusions containing homopentameric stretches of hydrophobic residues in the peptide degron. Stability was examined in cells with (SAN1) or without (san1⌬) the SAN1 gene intact. Time after cycloheximide addition is indicated above the blots. GFP NLS -peptide fusions in the Western blots were detected using anti-GFP antibodies. Solubility assays were performed to determine how the indicated GFP NLS -peptide fusion partition between the insoluble pellet fraction (I) and the soluble supernatant fraction (S). Total lysate (T) indicates the total amount of GFP NLS -peptide fusion in cell lysates. Percentage of protein in the insoluble versus soluble fractions is listed below each appropriate lane. Relative levels of the insoluble and soluble fractions were determined using ImageJ.
still applied. From these results, we suspected that the hydrophilic linker sequence positioned near the hydrophobic residue stretch could influence the strength of the hydrophobic residues and mitigate the effect of hydrophobicity, which would alter the ability of San1 to recognize its substrates. In support of this hypothesis, flanking sequences to aggregation-prone regions have been shown to influence protein aggregation (41) (42) (43) (44) (45) (46) (47) .
To test further the idea that flanking hydrophilic residues can affect San1 recognition, we focused on the 5Ile and 5Phe GFP NLS -peptide fusions, which undergo predominantly San1-dependent degradation (Fig. 2C) . To increase the flanking hydrophilicity to its maximum potential, we substituted the charged residue Arg into the position immediately proximal to the 5Ile or 5Phe stretches in their respective GFP NLS -peptide fusions (Fig. 6) . We chose to add an Arg residue because it is the most hydrophilic by the Kyte-Doolittle hydophobicity measure ( Fig. 2A) and thus should have the best capacity to reveal if increasing hydrophilicity alters San1-dependent degradation. Indeed, substitution of an Arg residue in the proximal position did increase the degradation rate of both the 5Ile and 5Phe GFP NLS -peptide fusions in SAN1 cells, and this was due to acquisition of partial San1-independent degradation observed in san1⌬ cells (Fig. 6) . Altogether, we think the combined . Degradation of the 5Val GFP NLS -peptide fusion is proteasomedependent but Ubr1-and Doa10-independent. A, cycloheximide-chase assays were performed to assess stability of the 5Val GFP NLS -peptide fusion in the presence or absence of the proteasome inhibitor MG132. Stability was examined in cells with (SAN1) or without (san1⌬) the SAN1 gene intact. B, cycloheximide-chase assays were performed to assess stability of the 5Val GFP NLS -peptide fusion in the presence or absence of DOA10, UBR1, and/or SAN1. The time after cycloheximide addition is indicated above the blots. GFP NLS -peptide fusions were detected using anti-GFP antibodies.
observations suggest that, not only must the insoluble nature of the exposed hydrophobicity be taken into account, but so too must the nature of flanking sequences. Homoseptameric Stretches Show Increased Dependence on San1 for Degradation-The results from substituting a single Ile in the 5Val stretch and addition of a single Arg before the 5Ile and 5Phe stretches suggested that the hydrophobicity of the homopentameric stretch is important but is likely also affected by adjacent residues. Accordingly, we surmised that increasing the homopentameric stretches to homoseptameric stretches, creating a greater hydrophobic stretch adjacent to the hydrophilic sequence, might now lead to San1-dependent degradation of the 7Val and 7Leu GFP NLS -peptide fusions and possibly others. This was the case as we found that most homoseptameric stretches resulted in the acquisition of at least some San1-dependent degradation ranging from strong (7Tyr) to moderate (7Val, 7Leu) to weak (7Met) (Fig. 7A) . The exceptions were the 7Trp stretch, which remained stable, and the 7Ala stretch, which continued to be degraded in a San1-independent manner (Fig. 7A) . Comparison of the degradation rates between the homopentameric and the homoseptameric GFP NLS -peptide fusions in SAN1 and san1⌬ cells are plotted in Fig. 7C . The change in San1 dependence in terms of degradation also prompted us to look at solubility of the homoseptameric GFP NLS -peptide fusions. We observed that the acquisition of San1-dependent degradation also generally correlated with increased insolubility (Fig. 7B) . The observations suggest a hierarchy of hydrophobic residues in terms of their strength to cause insolubility and San1 recognition with Ile and Phe being the strongest, Tyr, Val, and Leu being the next strongest, and Met being the weakest.
DISCUSSION
PQC degradation systems preferentially target misfolded proteins over normally folded ones, which means that they must recognize a feature of structural abnormality that differentiates the misfolded protein from its normal counterpart. Furthermore, because each cellular compartment typically possesses multiple PQC degradation systems that appear to be functionally distinct, each PQC system likely recognizes a unique feature of misfolding. Identifying what these features are for each PQC degradation system and how they differ is key to understanding their substrate selectivity.
In our initial examination of what San1 recognizes within its misfolded protein substrates, we discovered that San1 prefers a particular threshold of exposed hydrophobicity, which could be defined as the amount of hydrophobicity conferred by a window of Ն5 contiguous hydrophobic residues (Ref. 27 and Fig.  1A) . Here, we have presented evidence that it is not simply A, cycloheximide-chase degradation assays were performed to assess the stability of GFP NLS -peptide fusions with the indicated hydrophobic residue stretch in the peptide degron. Stability was examined in cells with (SAN1) or without (san1⌬) the SAN1 gene intact. The time after cycloheximide addition is indicated above the blots. GFP NLS -peptide fusions were detected using anti-GFP antibodies. B, solubility assays were performed to determine how the indicated GFP NLS -peptide fusion partition between the insoluble pellet fraction (I) and the soluble supernatant fraction (S). Total lysate (T) indicates the total amount of GFP NLS -peptide fusion in cell lysates. Note that all samples from the solubility assays were run on the same SDS-polyacrylamide gel so that direct comparisons could be made. Percentage of protein in the insoluble versus soluble fractions is listed below each appropriate lane. Relative levels of the insoluble and soluble fractions was determined using ImageJ. C, decay curves for degradation data in A were determined using ImageJ. FIGURE 6. Substitution of a single Arg residue immediately proximal to the 5Ile or 5Phe stretches causes partial San1-independent degradation of the GFP NLS -peptide fusions. Cycloheximide-chase degradation assays were performed to assess the stability of GFP NLS -peptide fusions with the indicated hydrophobic residue stretch with or without an Arg residue substituted immediately proximal. Stability was examined in cells with (SAN1) or without (san1⌬) the SAN1 gene intact. The time after cycloheximide addition is indicated above the blots. GFP NLS -peptide fusions were detected using anti-GFP antibodies. Decay curves for degradation assays were determined using ImageJ.
exposed hydrophobicity, but that the hydrophobicity also correlates with a particular threshold of insolubility to allow San1 recognition. If we think about this in terms of substrate-binding affinity, the mechanism of San1 substrate binding likely requires a similar degree of hydrophobicity necessary for two hydrophobic sequences to associate strongly with each other to form an aggregate. Thus, the degree of San1 substrate insolubility serves as a proxy measure for how "strong" the exposed hydrophobicity must be to trigger San1 recognition. How San1 achieves substrate binding with the necessary selectivity and affinity for the appropriate hydrophobicity is not yet clear.
For simplicity, we can think of San1 operating within a particular spectrum of hydrophobicity that confers strong insolubility leading to aggregation (Fig. 8) . Protein aggregation is exceptionally deleterious in the nucleus (48) , so the selectivity of San1 makes sense from an evolutionary perspective of misfolded protein recognition. It would be physiologically advantageous for a robust nuclear PQC degradation system like San1 to target the types of misfolded proteins that are likely to be the most prone to insolubility and toxic aggregation. Supporting this, we found in an early study, in which we identified new San1 substrates using a two-hybrid analysis, that 11 of 14 substrates destroyed predominantly in a San1-dependent manner were highly toxic in the absence of San1 (31) .
It is important to note that we do not think San1 alone has the ability to target proteins once they aggregate. This thought is based on our previous studies examining the ability of San1 to ubiquitinate denatured luciferase in vitro (31) . We found that San1 was unable to ubiquitinate denatured luciferase if San1 was added after the denaturation step, but San1 was able to ubiquitinate denatured luciferase when San1 was added during the denaturation step. We interpreted this to mean that San1 can only recognize exposed hydrophobicity that is not buried within an aggregate. Based on this interpretation and our studies here, we do not think that San1 targets a certain type of aggregate but instead recognizes misfolded proteins that have not yet aggregated.
If San1 itself cannot recognize aggregated proteins, the question is how San1 mediates the degradation of highly insoluble proteins in vivo once they form aggregates. Previous studies have demonstrated that the Hsp70 chaperones Ssa1 and Ssa2 are required for the degradation of some San1 substrates in vivo (10, 39, 49) , suggesting that the solubility and accessibility of San1 substrates could be maintained upstream of San1 by the action of protein chaperones. It is also important to understand how San1 substrates maintain their solubility after ubiquitination by San1 because the proteasome has difficulty degrading aggregated proteins (50 -52) . We recently found that the maintenance of San1 substrate solubility upstream of the proteasome requires the AAA-ATPase Cdc48. 3 Thus, disaggregation capabilities can be employed both upstream and downstream of San1 to maintain the solubility of highly aggregation-prone San1 substrates.
We do note that whereas hydrophobicity and insolubility above a particular threshold generally correlated with San1-3 P. S. Gallagher and R. G. Gardner, unpublished observations. FIGURE 7. Homoseptameric stretches show increased dependence on San1 for degradation. A, cycloheximide-chase degradation assays performed to assess the stability of GFP NLS -peptide fusions containing homoseptameric stretches of hydrophobic residues in the peptide degron. Stability was examined in cells with (SAN1) or without (san1⌬) the SAN1 gene intact. The time after cycloheximide addition is indicated above the blots. GFP NLS -peptide fusions were detected using anti-GFP antibodies. B, solubility assays performed to determine how the indicated GFP NLS -peptide fusion partition between the insoluble pellet fraction (I) and the soluble supernatant fraction (S). Total lysate (T) indicates the total amount of GFP NLS -peptide fusion in cell lysates. Percentage of protein in the insoluble versus soluble fractions is listed below each appropriate lane. Relative levels of the insoluble and soluble fractions were determined using ImageJ. C, decay curves for data in A and Fig. 2 , B-D. The amount of protein remaining at each time point of the degradation assays in A and Fig. 2 , B-D, was determined using ImageJ. FIGURE 8. Model for San1 substrate recognition. The spectrum of protein solubility is represented with exposed hydrophobicity mapped to increasing insolubility. San1 appears to target misfolded proteins on the far end of the insolubility spectrum. Another unknown PQC degradation pathway that recognizes less exposed hydrophobicity and insolubility than San1 is noted. mediated degradation, there were a few deviations. For example, the 5Leu GFP NLS -peptide fusion is not targeted by San1 but has insolubility similar to the 5Ile GFP NLS -peptide fusion (Fig.  2) . Also, the degradation of the 7Tyr GFP NLS -peptide fusion is primarily San1-dependent, but it is more soluble than the 7Val and 7Leu GFP NLS -peptide fusions, which are subject to degradation that is less San1-dependent (Fig. 7) . The deviations from general insolubility could be due to the assay we used, which is a qualitative assay that cannot distinguish fine quantitative differences in solubility. In fact, we caution against comparing solubility/insolubility percentages between figures because of the day-to-day experimental variability in performing the assay. However, because the solubility assays for each figure were performed at the same time and run on the same gels, comparisons are valid within each figure. In addition to the qualitative nature of the solubility assay, there could be additional parameters to San1 recognition that we have yet to discover. Perhaps the shape of the residue side chains or the overall complexity of the residues in the hydrophobic window play a role in how San1 recognizes a substrate.
Our results also revealed that there is another potential nuclear PQC degradation pathway that appears to recognize a lower threshold of hydrophobicity and insolubility than San1. The pathway targets substrates for proteasome degradation, but it is not the previously described PQC degradation systems of Ubr1 or Doa10. That there might be two nuclear PQC degradation pathways operating in different ranges of exposed hydrophobicity/insolubility is intriguing in terms of how the cell might have evolved triage hierarchies for the repair and degradation of misfolded proteins (53, 54) . It could be that having separate PQC systems based on the degree of exposed hydrophobicity and insolubility allows the cell to repair misfolded proteins that have not exposed sufficient hydrophobicity to be in danger of rapid aggregation, yet quickly and robustly destroy those misfolded proteins that have. Identification and characterization of the additional nuclear PQC degradation pathway(s) will allow for in depth comparison of the targeting capabilities with San1.
